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The Gulf Stream system has been numerically simulated with relatively high resolu-
tion and realistic forcing. The surface fluxes of the simulation were obtained from
archives of calculations from the Eta-29 km model which is an National Center for
Environment Prediction (NCEP) operational atmospheric prediction model; synop-
tic fields are available every 3 hour. A comparison between experiments with and
without surface fluxes showsthat the effect of the surface wind stress and heat fluxes
on the Gulf Stream path and separation is closely related to the intensification of
deep circulations in the northern region. Additionally, the separation of the Gulf
Stream and the downslope movement of the Deep Western Boundary Current (DWBC)
arereproduced in themodel results. The model DWBC crossesunder the Gulf Stream
southeast of Cape Hatteras and then feeds the deep cyclonic recirculation east of the
Bahamas. The model successfully reproduces the cross-sectional vertical structures
of the Gulf Stream, such astheasymmetry of the velocity profile, and thisstructureis
sustained along the downstream axis. The distribution of Root Mean Square (RMS)
elevation anomaly of the model shows that the eddy activity of the Gulf Stream is
realistically reproduced by the model physics. The entrainment of the upper layer
slopecurrent into the Gulf Stream occursnear cross-over ; the conver ging cross-stream
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flow is nearly barotropic.

1. Introduction

With the increase of computational resources, it is
possible to prognostically reproduce ocean circulations
with higher horizontal and vertical resolution. This is
particularly important for models of the Gulf Stream,
which plays an important rolein interior ocean dynamics
but also in the coastal regions. Because of its huge heat
and salt transport, the accurate modelling of Gulf Stream
behavior is important to the simulation of the entire At-
lantic Ocean (Dengg et al., 1996).

Beckmann et al. (1994) investigated the effects of
increased horizontal resolution in a simulation of the
North Atlantic Ocean, from 1/3° x 2/5° to 1/6° x 1/5°, in
which the northward bump of the Gulf Stream occurs near
the Cape Hatteras. Ezer and Mellor (1994) performed out
prognostic numerical studiesfor the North Atlantic Ocean
using a sigma coordinate ocean model (Blumberg and
Mellor, 1987) with varying horizontal resolution of 20—
100 km. Even though successful model results were ob-
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tained for major ocean features of the North Atlantic, the
prognostic model s exhibited the northward shifting of the
Gulf Stream at Cape Hatteras.

A somewhat simplistic diagram is presented in Fig.
1 (Mellor, 1996). In this paper we define the Northern
Slope Current (NSC) as being comprised of the Upper
Slope Current (USC; approximately 0—1000 m depth) and
the underlying Deep Western Boundary Current (DWBC;
deeper than 1000 m). The USC turns south-eastward north
of Cape Hatteras and is entrained into the Gulf Stream.
The DWBC flows under the Gulf Stream and proceeds
southward with possible entrainment and detrainment. We
define the Northern Cyclonic Gyre (NCG) as that formed
by the NSC in the north and the Gulf Stream in the South;
one is tempted instead to use the label Northern
Recirculation Gyre, but this would not coincide with the
same label defined by Hogg (1986).

Previous observational studies (Hogg, 1986; Pickart
and Smethie, 1993; Pickart, 1994) have revealed an in-
teraction between the Gulf Stream and deep circulations
such as the Deep Western Boundary Current (DWBC).
The Hogg and Stommel’s (1985) analytical model of the
relation between the Gulf Stream and the DWBC showed
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Fig. 1. Near surface flow (0—1000 m, open arrows) and deep
water flow (deeper than 1000 m, solid arrows). The con-
tour interval of water depth is 1000 m; the exception is the
heavy contour denoting the 200 m isobath and marking the
outer edge of the continental shelf. Climatological path of
the Gulf Stream axis is denoted by the heavy dashed line.

(Adapted from Mellor, 1996.)

that the offshore portion of the Gulf Stream is compat-
ible with downslope movement of the DWBC under the
constraint of uniform potential vorticity. Pickart and
Smethie (1993) investigated the kinematics in which the
DWBC crossesthe Gulf Stream at Cape Hatteras and sug-
gested that the upper layer of the DWBC decreases the
potential vorticity of the Gulf Stream by entrainment,
which induces a more southerly point of separation.
The numerical experiments by Thompson and
Schmitz (1989), using a two layer model, indicated that
the mean axis of the Gulf Stream movesto the south, and
the northward overshooting of the Gulf Stream separa-
tion isreduced when the input boundary transport of their
model DWBC at 45°N was increased. Ezer and Mellor
(1992) showed that the NCG north of the Gulf Streamis
necessary to Gulf Stream separation at Cape Hatteras.
Spall (19963, b) looked at the dynamics of the Gulf Stream
and DWBC crossover using aregional ocean layer model.
He found that the entrainment and mixing of the upper
slope water have a significant impact on the separation
point and mean path of the Gulf Stream. He also showed
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a decadal oscillation in the Gulf Stream/DWBC system,
which is caused by the interaction between the low po-
tential vorticity DWBC water and the eddy flux that main-
tains the interior recirculation gyre.

In this paper a numerical simulation of the Gulf
Stream System, including the Gulf of Mexico, isexecuted
using a regional Princeton Ocean Model. The NCEP
model does not include the Gulf of Mexico and has about
a50% larger grid spacing. The purpose of this paper isto
simulate major features of the Gulf Stream System prior
to theimposition of SST and altimetric data assimilation.
We investigate the relation between the Gulf Stream and
the lower layer circulation, especially the variability of
the DWBC and its effect on the Gulf Stream separation,
and the simulated vertical structure of the Gulf Stream.

Two models have been executed, one without sea
surface fluxes and the other an experiment with 3-hourly
atmospheric fluxes. We immediately demonstrate that
surface forcing is necessary for a realistic Gulf Stream
morphology and most of the paper is thereafter devoted
to the case with surface forcing.

2. Model Configuration

The Princeton Ocean Model (POM) used in this study
is a free surface, primitive equation ocean model
(Blumberg and Mellor, 1987). The vertical structure of
this model is represented by a bottom-following, sigma
coordinate system which can simulate bottom boundary
layers as well as the surface Ekman layers. The horizon-
tal grid is defined on curvilinear orthogonal coordinates.
The vertical diffusivity is calculated from a turbulence
closure model (Mellor, 1973; Mellor and Yamada, 1982).
Following Smagorinsky’s formulation (Smagorinsky et
al., 1965), the horizontal viscosity of the model is pro-
portional to the square of the grid size and horizontal ve-
locity shear with acoefficient of 0.05. The horizontal dif-
fusivity is one fifth of the viscosity. By the mode-split-
ting technique, free surface dynamics are included ex-
plicitly in this model. The governing equations and model
physics are described by Mellor (1998).

Figure 2 shows the model grid (every fifth grid line
is shown) and bottom topography. The topographic data
is obtained from the updated ETOPOS files. The model
grid is defined so that the resolution of the model is high
along the US eastern coast and the finest meshes are |lo-
cated near Cape Hatteras (about 8 km x 10 km). The ver-
tical resolution of the model is 25 sigmalevels; the nega-
tives of 0.0, 0.0014, 0.0028, 0.0054, 0.0106, 0.0210,
0.0418, 0.0835, 0.1668, 0.2501, 0.3334, 0.4167, 0.5000,
0.5833, 0.6666, 0.7499, 0.8332, 0.9165, 0.9582, 0.9790,
0.9894, 0.9946, 0.9972, 0.9986, 1.0. This distribution of
sigma levels is designed to resolve the dynamics of the
bottom boundary layers as well as the surface boundary
layers.
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Fig. 2. (a) Orthogonal curvilinear coordinate grid with Jx less than 8 km and dy less than 10 km around Cape Hatteras. For ease
of visualization every fifth contour is plotted. (b) Bathymetry of the model basin with contour interval of 200 m.

The model basin has one open boundary along 55°W
which cuts through the NCG of the Gulf Stream and the
subtropical gyre of the north Atlantic Ocean. The trans-
port along the open boundary is based on the averaged
results of long-term current measurements near 55°W by
Richardson (1985). Figure 3 shows the distribution of the
transport stream function and barotropic (vertically aver-
aged) velocity along the boundary. The transport of the
Gulf Streamis92 Sv (1 Sv = 106 m3s™) near 39°N where
the maximum barotropic velocity is 10 cm s7X. The trans-
port of the westward northern countercurrent is 37 Sv,
and because of the shallow bottom topography, its maxi-
mum speed is over 20 cm s near 46°N. Another 55 Sv
flows eastward as the southern countercurrent south of
the Gulf Stream. This fixed transport may limit the Gulf
Stream transport variability of this simulation.

Toinvestigate the effect of surface forcing, two cases
of surface boundary conditions are applied here. In the
first case the model is driven by steady lateral boundary
forcing with no sea surface forcing. The second case is
the full simulation wherein lateral boundary conditions
for temperature and salinity are defined by monthly av-
eraged fields from the GDEM data set (Teague et al.,
1990), and the surface fluxes of heat and momentum are
calculated from the regional atmospheric Eta model of
National Center for Environment Prediction (NCEP).
There are several version of Etamodelsin terms of reso-
lution, and we used the Eta-29 km model data. The method
of coupling with the Eta model is the same as that de-
scribed by Aikman et al. (1996). Atmospheric input data
from the Etamodel are short-wave solar radiation, down-
ward long-wave radiation, potential air temperature, wind
velocity, air humidity, surface pressure and precipitation
rate, which are available every three hours. The wind
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Fig. 3. Lateral boundary conditions of the transport stream func-
tion (left) and the barotropic velocity (right) along 55°W.
This distribution of the transport stream function is based
on observations by Richardson (1985) and the diagnostic
calculation of Mellor et al. (1982). The peak of westward
barotropic velocity at 46°N is coincident with shallow bot-
tom topography.

stress and heat flux through the sea surface are calcu-
lated from these data together with the sea surface tem-
perature and velocity of the ocean model by using stabil-
ity-dependent bulk formulas. The Eta-29 km model re-
gion does not cover the southwestern region of the Car-
ibbean Sea (Gulf of Mosquito) and the southeastern cor-
ner of the ocean model region. The atmospheric data over
these regions were extrapolated by Laplacian iteration
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Fig. 4. (a) Annually averaged transport stream function fields
of the 6th year from the experiment which has no surface
fluxes and driven only by stationary lateral boundary con-
dition. (b) Same but driven with surface fluxes from the
three-hour interval Eta-29 km results and monthly tempera-
ture and salinity data at the lateral boundary. The C.I. of
the stream function is 10 Sv. Thick solid lines are the annu-
ally averaged Gulf Stream path obtained from the model
12°C isotherm at 400 m depth.

35°N

from the border of the Eta-29 km region. The Eta-29 km
data used here is available from October 1 1995 to May
31 1998. After that, model calculations are continued by
repeating the surface data from June 1 1996 to May 31
1998.

The model starts from the temperature and salinity
fields of the GDEM data set for October. To provide a
near geostrophically adjusted velocity field, a diagnostic
calculation, holding the initial density field constant, ex-
ecutes during the first five days.

3. Results

3.1 Ocean response for sea surface forcing

In Fig. 4, we compare the six year, annually aver-
aged Gulf Stream path and stream function fields of the
without-surface-forcing run and the with-surface-forcing
run. The without-surface-forcing run is driven by the lat-
eral transport and monthly climatologies of T and Salong
the open boundary. The with-surface-forcing runisdriven
by 3 hour surface heat flux and wind stress obtained from
the Eta-29 km atmospheric prediction model and by
monthly climatological T and S transection at the lateral
open boundary, which are identical with that of the
unforced experiment.

Itisimmediately obviousthat surface forcing is nec-
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Fig. 5. (a) Averaged net heat flux (from ocean to air) for six
years. C.I.is50 W/m?. (b) Averaged wind stress curl for six
years. (Solid line is positive and dashed line is negative.)
C.l.is20 x 1077 N/m™3,

essary for arealistic simulation; thus, the possibility that
the interior flow might be dominated by the open bound-
ary conditionsis excluded. The 92 Sv transport boundary
condition isessentially ignored in the model without sur-
face forcing (Fig. 4(a)). In the extension region, the Gulf
Stream path shifts to the north and is located near the
edge of the continental shelf. This unrealistic distribu-
tion of the unforced Gulf Stream path affects the coastal
circulation; warm and saline water occupies the northern
area near the coastal region, and the northeastward coastal
circulation strengthens. On the other hand, the Gulf
Stream path (Fig. 4(b)) from the experiment with surface
forcing conforms well with the observed path (Hansen,
1970; Shay et al., 1995) and diagnostic transport calcula-
tions based on observed climatological density fields
(Mellor et al., 1982).

Figure 5 shows the annual average of the seasurface
heat flux and the wind stress curl for the with-surface-
forcing run. The large heat flux from ocean to air takes
place in the Gulf Stream and the NCG region (north of
the Gulf Stream), where the intense cooling (over 300
W m?) occurs by the cold air and the warm ocean in win-
ter. This cooling in the NCG region homogenizes and
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Fig. 6. (a) Averaged surface gy distribution from the model with surface fluxes during the winter (from December 1996 to March
1997), and C.1.is0.25 kg m™3. (b) Difference of the surface g, obtained by the subtraction of the model results without surface
fluxes from the model result with surface fluxes. C.1.is0.25 kg m. (c) Depth of the isopycnal surface of g, = 27.0. C.1. is50
m. (d) Difference of the isopycnal surface depth of g, = 27.0 between the model with surface fluxes and the model without
surface fluxes. Hatching in the figure represent the region at which the isopycnal surface of 27.00, from the model with fluxes

is shallower than the model without fluxes. C.I. is50 m.

deepens the upper layer ocean (Fig. 6(d)) and also in-
creases the horizontal density gradient in the upper layer
between the Gulf Stream and the slope water (Fig. 6(b)).
For the thermal wind balance, the vertical velocity shear
increases due to the increasing the horizontal density gra-
dient, and in the upper layer the cyclonic transport of the
NCG (including the upper layer transport of the Gulf
Stream) is increased along the intensified density front.

Itisclear that the mean wind stress curl of the with-
surface-forcing run over the NCG region is positive (Fig.
5). This means that the regional wind forcing (positive
wind stress curl) strengthens the cyclonic circulation over
the NCG region. The intensification of the southward
western rim of the NCG and the DWBC aong the conti-
nental slope moves the separation position of the Gulf
Stream further south (Thompson and Schmitz, 1989; Ezer
and Mellor, 1992).

The intensified density front (actually cooler and
denser northern slope water) blocks up the northward Gulf
Stream along the continental slope and guides the Gulf
Stream to separate from the coast. After the separation
from the coast, vortex stretching occurs on arriving in
the deeper region, and the vortex stretching enhances the
separation of the current from the coast (Marshall and
Tansley, 2001).

The southwestward transport maxima of the NCG

from the experiment with surface forcing are about 60 Sv
at 65°W and 61°W, and 35 Sv at 75°W at Cape Hatteras.
The DWBC and the northern cyclonic gyre of the experi-
ment without surface forcing are weaker than those of
the with-surface-forcing one; the total transport of the
NCG is about 20 Sv near 68°W and this is less than the
half of the result from the with-surface-forcing run. The
intensified NCG keepsthe Gulf Stream path further south,
as shown in the numerical study by Thompson and
Schmitz (1989). This result is, of course, a consequence
of the classical role of wind stress curl and, from an ex-
amination of mass fields, the wind stress and heat fluxes
help to maintain the strong temperature and density con-
trasts between the Gulf Stream and the NCG and the con-
comitant baroclinic component of the flow.

Figure 6(a) shows the distribution of the averaged
model surface g, with surface forcing of the winter of
1996 (from December 1996 to March 1997). It is here
that the outcrop of 26.250;, occurs in the northern region
of the Gulf Stream and particularly the Mid Atlantic Bight.
The surface water of the with-surface-forcing run in the
Mid Atlantic Bight is denser by about 2 kg m= than the
model without surface forcing (Fig. 6(b)). The averaged
wind stress curl ispositive (Fig. 5), and the E kman pump-
ing (upwelling) occurs in this region. Thus the refresh-
ment takes place in the ventilated layer.
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Fig. 7. Monthly averaged sea surface elevation fields for 6 years. Contour interval is 0.1 m.
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Fig. 8. Approximated transport stream function distributions from the two year averaged (year 5 and 6) velocity fields (a) in the
layer of 0—1000 m, and (b) in the layer of 1000 m—bottom. Thick arrows represent the deep water flows which are labeled in

Sverdrup unit. The C.1. of the stream function is 10 Sv.

Another considerable effect of the surface fluxesis
shown in the change of the isopycnal surface (Fig. 5(d));
the 27.00, surface of the model with surface fluxes is
shallower by 100 m in the Mid Atlantic Bight.

Henceforth, we only examine the results from the
experiment with surface heat fluxes and wind stress.

3.2 Evolution of the Gulf Stream

The morphology of the separation downstream of
Cape Hatteras is an important index of the quality of the
simulation of the Gulf Stream. In this section we look at
Gulf Stream behavior in the region 55°W to 80°W and
33°N to 45°N, driven by the operational atmospheric Eta-
29 km fields, and monthly climatological lateral bound-
ary conditions for temperature and salinity.

Figure 7 showsthe time evolution of the Gulf Stream
path off Cape Hatteras represented by the monthly aver-
aged surface elevation fields for 6 years. Because of the
initial condition of the climatological temperature and
salinity fields of the GDEM data set (Teague et al., 1990)
and 5-day diagnostic spin-up calculation, the Gulf Stream
developsin the first month and subsequently exhibitsthe
variability characteristic of this region.

For the first year, the Gulf Stream path off Cape
Hatterasis straight and eddy activity occurs east of 65°W,
near the New England Seamount chain; the path agrees
with the climatologically averaged position of the ob-
served Gulf Stream (Richardson, 1981; Hogg, 1983; Watts
et al., 1995). After the first year, meanderings of the Gulf
Stream path occur west of 70°W and eddies and rings
separate from and interact with the main stream. A cy-
clonic (cold) eddy forms from the steep trough at 72°W
in month 27. This cold ring movesto the west with a speed
of 2.4 cm st which corresponds to the first mode Rossby
wave and then merges into the Gulf Stream. The mean-

der ridge near 73°W is shifted to the west by the approach-
ing cyclonic ring, and at the same time this eddy quickly
dissipates. As a result, a bump of the Gulf Stream path
occurs northward of the mean path in month 34. This anti-
cyclonic bump is a typical overshooting pattern of Gulf
Stream simulations (Beckmann et al., 1994; Dengg et al .,
1996). The bump or ridge begins to fade in the 47th and
48th months. After month 47 in Fig. 7, the Gulf Stream
straightens west of 65°W, and the Gulf Stream path re-
coversfrom the overshooting pattern to the observed path
and this persists through years five and six.

3.3 Upper and lower circulations

Figure 8 shows the approximate transport stream
function of the averaged circulation for two years (year 5
and 6) in the upper layer (0 to 1000 m) and lower layer
(1000 m to the bottom). To afair degree of approxima-
tion, we find that is possible to neglect vertical flow be-
tween layers and therefore a stream function for each layer
may be defined in the model results. After separation from
the coast, the transport of the Gulf Stream increasesto 80
Sv, due to entrainment from the northern and southern
gyres. In the South Atlantic Bight, the transport of the
Gulf Stream is 30 Sv at 28°N and 28 Sv at 27°N; obser-
vational results for the Gulf Stream transport are 31.7 £
3.0 Sv at 27°N (Leaman et al., 1987) and 29.5 Sv at
25.7°N (Niiler and Richardson, 1973).

Figure 8 shows the crossing of the DWBC under the
Gulf Stream near Cape Hatteras. The DWBC is the deep
northern branch of the NCG. Part of the DWBC turns
cyclonically at 68°W; however the remainder continues
southward along the slope. It is generally accepted that
an interaction occurs between the Gulf Stream and the
DWBC (Hogg, 1986; Pickart and Smethie, 1993; Pickart,
1994). As shown by Hogg and Stommel (1985), using
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Fig. 9. Ensemble averaged downstream velocity distribution for two years (year 5 and 6) along stream coordinates sampled on
the last day of 24 months at (a) 74°W, (b) 72°W, (c) 67°W, (d) 61°W, the longitude corresponding to the surface maximum
velocity and observed results at (e) 73°W (from Halkin and Rosshy, 1985), at (f) 68°W (from Johns et al., 1995). Contour
interval (C.1.) for (a) to (d) is 0.1 m s, and for (e) and (f) is variable from 2.5 cm s to 20 cm s™. Dotted line represents

negative values.

the potential vorticity conservation constraint, the DWBC
moves downslope at itsintersection with the Gulf Stream,
afeature which is reproduced by the model as seen in the
lower layer circulation; the crossing of the DWBC under
the Gulf Stream occurs at 75°W. At the intersection, the
DWBC which has flowed along the slope turns, crosses
isobaths and moves to a deeper region.
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The transport of the DWBC east of the Bahama |s-
lands is approximately 20 Sv and feeds a deep cyclonic
recirculation; thisis in agreement with the observations
of Lee et al. (1996). They carried out direct current ob-
servations for nearly six yearsin the eastern slope of the
Bahamas and showed that the mean transport of the
DWBC was 40 Sv east of the Bahamas together with a 27



Table 1. Volume transports of the Gulf Stream foll owing the down stream coordinates, based on two year (year 5 and 6) ensemble
averaged velocity fields of the model results. We adapt the definition of the transport according to Hogg (1992); the barotropic
component is the integrated velocity below 1000 m plus the velocity at 1000 m times 1000 m. The baroclinic component is
just the difference between the total transport and the barotropic component.

76°W  73°W  71°W  67°W  64°W  62°W
Total (Sv) 49.9 65.8 78.6 101.5 64.0 48.4
Baroclinic (Sv) 38.7 31.3 32.7 28.3 24.4 17.3
Barotropic (Sv) 11.2 34.5 45.9 73.2 39.6 31.1
Barotropic/Total (%) 22.4 52.4 58.4 72.1 61.9 64.3

Sv deep recirculation. Thus, the DWBC transport of the
model is less than the observed transport, but nonethe-
less reproduces the recirculation pattern east of the Ba-
hamas and suggests that the path of the deep recirculation
follows the 5000 m isobath (Fig. 2(b)).

3.4 \ertical structure

It is known from observation that the transport of
the Gulf Stream increases rapidly downstream of Cape
Hatteras (Knauss, 1969; Worthington, 1976; Halkin and
Rosshy, 1985; Hogg, 1992), but the profiles of the Gulf
Stream in the upper layer (Iess than 1000 m depth) do not
greatly change along the stream (Halkin and Rossby, 1985;
Johns et al., 1995). Figure 9 shows a comparison of en-
semble averaged model results for two years (year 5 and
6) with observationsin vertical sections of the Gulf Stream
along stream coordinates (Halkin and Rossby, 1985; Johns
et al., 1995) wherein the origin is coincident with the
maximum surface velocity axis. Model results (Figs. 9(a),
(b), (c) and (d)) show that the jet structure of the Gulf
Stream is maintained downstream of Cape Hatteras along
the stream axis. Strong vertical shear appears at the cy-
clonic side of the Gulf Stream axis. The locus of maxi-
mum velocity shifts to the anticyclonic side with depth.
These features are in good agreement with observations
(Figs. 9(e) and (f)). However, the model surface maxi-
mum velocity is about 1.2 m s and is less than that ob-
served, about 1.8 m s,

Downstream of Cape Hatteras, the model Gulf
Stream maintains a baroclinic structure similar to the
observations. The Gulf Stream has significant deep trans-
port, and this barotropic component increases as far as
67°W. The downstream increase of the Gulf Stream trans-
port is due to the barotropic components, the feature of
which was shown from the observation results of Knauss
(1969). As shown in Table 1, the total transport of the
model Gulf Stream increases from 49.9 Sv at 76°W to
101.5 Sv at 67°W. This increase of the total transport is
mainly due to the increase of the barotropic component
(defined by the reference velocity of 1000 m depth, from
Hogg (1992)) from 11.7 Sv to 73.2 Sv, even though the

baroclinic components actually decreases from 38.7 Sv
to 28.3 Sv while the maximum core velocity decreases
from1.6 ms?tat76°W, 1.1 ms?tat 67°W.

The average total transport of the model Gulf Stream
is 101.5 Sv near 67°W, and this is between 113 Sv of
Jones et al. (1995) at 68°W and 95.5 Sv of Hogg (1992)
at 68°W, based on direct current moorings. The model
transport near 73°W is 65.8 Sv and the transport increase
between 73°W and 67°W is 5.5 Sv per 100 km which is
larger than the observational estimation by Jones et al.
(1995) of 4.2 Sv per 100 km.

According to the analysis of Hogg (1992), the total
transport of the Gulf Stream is about 150 Sv near 65°W
and this amount is maintained to 50°W. The model trans-
port west of the New England seamounts decreases rap-
idly to 64.0 Sv at 64°W and 48.4 Sv at 62°W. This means
that the NCG and the Worthington Gyre reproduced by
the model isweaker than observations west of 65°W, prob-
ably dueto the eastern boundary of the model along 55°W.
The ratio of the barotropic components to the total trans-
port increases monotonously to 72.1% near 67°W. West
of 65°W theratio is more than 60%, and thisis consistent
with the observational result of 67% at 61°W (Jones et
al., 1995), even though the model transport decreases rap-
idly in this region.

Figures 9(a), (b) and (c¢) show the ensemble average
velocity profilesfor thetwo years (years 5 and 6) in stream
coordinates at 73°W, 71°W and 67°W, the longitude cor-
responding to the maximum surface velocity. Velocity
components are reckoned normal and parallel to a plane
normal to the maximum velocity vector at the surface.
Figure 10(d) shows observational average profiles from
the Synoptic Ocean Prediction (SYNOP) central array;
67—70°W, 36.5-39°N (Johns et al., 1995). Near Cape
Hatteras, the downstream maximum vel ocity of the model
surface layer (50 m depth) is 1.6 m st and the maximum
velocity decreases with depth and shiftsto the anticyclonic
side of the Gulf Stream. The maximum velocity, 0.22
m s at 1000 m depth, is on the anticyclonic side, 45 km
from the axis. The width of the model Gulf Stream is about
200 km, independent of water depth. The maximum ve-
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55'W

Fig. 11. (@) 15°C isotherm and (b) 18°C isotherm at 200 m
depth during the first four year simulation.

locity at each water depth shifts to the anticyclonic side
for the surface current core. The velocity at 3500 m depth
is either negative or very low.

Cross stream velocity profiles (lower panel Fig.
10(a)) show that the convergence into the Gulf Stream,
ovy/dy <0, occurs on the cyclonic side of the Gulf Stream.
This means that the model transport increase of 5.5 Sv
per 100 km is mainly due to the entrainment of the NCG
through the barotropic component.

Near 71°W the convergence becomes weak and the
entrainment occurs on the anticyclonic side, related to
the Worthington Gyre. The observational results by Johns
et al. (1995) (Fig. 9(d)) show that the entrainment is fed
from the NCG and the Worthington Gyre. In the model
result near 67°W (Fig. 9(c)), however, divergence occurs,
which resultsin a decrease of the model transport west of
the New England seamounts.

The streamwise velocity component of the three lo-
cationsis quite self-similar except that the velocity scale
decreases with downstream distance. The maximum speed
of the upper layer Gulf Stream (shallower than 400 m
depth) decreases eastward (Fig. 10(c)); however the struc-
ture of the Gulf Stream profile is maintained. The com-
parison with observations (Fig. 10(d)) show that the model
results successfully reproduce the characteristic structure
of the Gulf Stream profile, the asymmetry of velocity
profiles, the shift of maximum velocity with depth, and
the width of the Gulf Stream; however, as noted previ-
ously, the maximum speeds are less than those observed.

80'W
45°'N

40°N

35°'N

80°'W
45°N

40°N

35°'N

Fig. 12. (@) Distribution of RMS elevation anomaly of the model
results and (b) RMS sea surface height anomaly of the
TOPEX altimetry data from October 1992 to June 1996.
C.l.is5cm.

3.5 Space and time variabilities

Figure 11 shows the Gulf Stream path represented
by the 15°C and 18°C isotherms at 200 m depth during
the first four years of simulation with surface forcing.
The “node” of the meandering between 68°W and 70°W
is reproduced by the model, in agreement with observa-
tions (Kontoyiannis and Watts, 1994; Watts et al., 1995).
The variability of the path increases both west and east
of the nodal region. Another region of large variability of
the path occurs near 61°W (Fig. 11(b)), upstream of the
New England Seamount Chain, which is consistent with
the analysis of the satellite images of Cornillon (1986).
In Fig. 7, the model results clearly show that many cold
eddies originate along the seamounts and propagate to
the southwest, which seem to be guided by topographic
waves (Thompson, 1977; Hogg, 1981; Ezer, 1994).

The RMS elevation anomaly obtained from the 6-
year model results and TOPEX altimetry data observed
between October 1992 and June 1996 are shown in Figs.
12(a) and (b), respectively. The maximum value of model
RMS anomaliesin the Gulf Stream extension region (0.38
m) and its pattern is consistent with the TOPEX altimetry
data (Fig. 12(b)), except for the northeastern region of
the Cape Hatteras, where the model RMS is higher than
30 cm but the observational result is lower than 15 cm.
This discrepancy seemsto be caused by the overshooting
fluctuation of the model Gulf Stream in that region (Fig.
11). Maxima of the TOPEX altimetry RMS occur near
65°W and 60°W, which is similar to Geosat altimetry re-
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Fig. 13. Average fields and Empirical Orthogonal Functions
(EOFs) for normal (alongshore) velocity through the sec-
tion of 75°W. Proportion of the 1st mode EOF is45.1%, the
2nd mode is 18.1% and the 3rd mode is 10.0%. Contour
interval of the averaged velocity is 0.05 m s, Dotted line
represent negative values.

sults (Ezer and Mellor, 1992). This distribution of RMS
elevation anomaly is an improvement over previous nu-
merical studies (Mellor and Ezer, 1991; Ezer and Mellor,
1992; Behringer, 1994). The maximum RMS anomaly
from the model results (Fig. 12(a)) is near 63°W, and an-
other peak of RMS anomaly occurs at 71°W. This result
is quite similar to TOPEX and Geosat altimetry results.
Figure 13 shows the averaged normal velocity dis-
tribution and EOF patterns at 75°W near Cape Hatteras.
Thetime series of EOF amplitude and the autocorrel ation
function of these time series are given in Fig. 14. The
first EOF, which explains 45.1% of total variance, pre-
dominantly represents the off shore movement of the Gulf
Stream. The second EOF mode shows a resemblance to
the first EOF, except for the very narrow out-phase vari-
ability along the continental shelf break, which explains
18.1% of thetotal variance. Thethird EOF, whichis 10.0%
of total variance, hastwo peaksin the upper 1500 m layer;
one is near shore and the other is offshore. This mode
shows that the Gulf Stream and DWBC at Cape Hatteras
are in-phase, in the sense that an increase (decrease) of
the northward Gulf Stream velocity occurs with an in-
crease (decrease) of the southward velocity of the DWBC.
The time series of the first mode (Fig. 14) shows that a
big negative peak occursin month 25. This peak isdueto
the offshore movement of the Gulf Stream by the inter-
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Fig. 14. (a) Time series of thefirst three EOF mode amplitudes
for the normal velocity at the section of 75°W, and (b) the
autocorrelation function of the EOF mode amplitudes.

action of the warm eddy; in month 25 of the model simu-
lation warm eddy intrudes between the Gulf Stream and
the coast, and the Gulf Stream path is shifted off the coast
by about 200 km. This peak is also shown in the second
EOF. The autocorrelation functions (Fig. 14) indicate that
the first three EOF modes have a near seasonal periodic-
ity, which explain about 70% of total variance of the
model Gulf Stream and the DWBC at Cape Hatteras.
Marchese (1999) showed a considerable seasonal
variability of the Gulf Stream and its recirculation gyre
by historical hydrographic data; the Gulf Stream posi-
tion moves to the north in summer and to the south in
winter. Tracey and Watts (1986) showed the evidence of
the seasonal cycle of the Gulf Stream position and sur-
face current speed near 73°W. Thefirst three EOF modes
of the model result suggest that there is a seasonal vari-
ability of the vertical velocity structure of the Gulf
Streasm as well as its position near Cape Hatteras.

4. Discussion and Summary
Using the Princeton Ocean Model (Blumberg and
Mellor, 1987; Mellor, 1998), a numerical simulation of
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sixth year (left), 6 year monthly averaged model result (middle) and the Levitus climatological data (right). Upper panels
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the Gulf Stream system has been carried out; the model
was forced with surface fluxes from the operational at-
mospheric Eta-29 km model. It has been shown that the
surface fluxes of the model increase the northern cyclonic
circulation, and play an important role in reproducing
realistic Gulf Stream behavior.

The model, with surface fluxes, reproduces charac-
teristic features of the Gulf Stream behavior with time.
During the first year, disturbances of the Gulf Stream
mainly occur east of 61°W, near the New England
seamounts, and propagate to the west. A meander of the
Gulf Stream then begins to appear at 72°W in the second
year, and forms an overshooting of the Gulf Stream sepa-
ration during the third year whereas, this overshooting is
typical of Gulf Stream models and it can occur in nature.
The simulation shows that the westward propagation of a
cyclonic eddy plays arole in this transition of the Gulf
Stream path. The observed Gulf Stream path is restored
in the fifth and sixth years.

The travel time of the first mode Rossby wave from
the eastern boundary to Cape Hatterasis about 2.5 years,
which agrees with the time of the appearance of the over-
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shooting pattern. One might specul ate that the overshoot-
ing of the Gulf Stream path isrelated to the initial impo-
sition of wind stress at the eastern boundary (Anderson
and Gill, 1975) wherein theinitial density field adjuststo
the applied Etawind fieldswhen the signal from the east-
ern boundary arrives at the western boundary.

The crossing of the DWBC under the Gulf Streamis
seen in the lower layer circulation (1000 m to bottom).
The jet structure of the Gulf Stream is maintained down-
stream of Cape Hatteras along the stream axis. A strong
vertical shear appears on the cyclonic side of the Gulf
Stream, cross stream velocity profiles are barotropic and
the convergence occurs mainly on the cyclonic side of
the stream. The maximum speed of the Gulf Stream along
the axisisless than the observed value. East of the Baha-
mas, the DWBC feeds the deep cyclonic recirculation,
and suggests that this deep recirculation flows along the
5000 m isobath.

The RMS elevation anomaly of the model compares
well with TOPEX altimetry data, and agrees with obser-
vationsin terms of the distribution of the maximum RMS
anomaly, implying that the meander and eddy activity of
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the Gulf Stream isrealistically reproduced by the model
physics.

Thus far, we have not directly discussed the model’s
thermodynamic structure. Of course, since even the en-
ergetic Gulf Stream is nearly in geostrophic balance
(Halkin and Rossby, 1985; Shay et al., 1995; Wattset al .,
1995), the density structure is inferred from the velocity
structure shown in this paper. However, we conclude the
paper with Fig. 15, which shows the winter-summer sea-
sonal variation produced by the model. Comparison of
synoptic (left panels) and six year, monthly averaged
model climatology (middle panels) illustrate the detail
lost by averaging many synoptic realizations but where
“data’ is available at every grid point. The comparison
of the model climatology and the Levitus climatology
(right panels) illustrate the further loss of detail by the
spatial averaging associated with the objective analysis
scheme (Levitus, 1982) required by spatial scarcity of
data. Thereisno Gulf Stream in the Levitus climatology,
and other details in the South Atlantic bight are missing.
(Notethat thereis now a1/4° annual climatology (Levitus
and Boyer, 1994) but seasonal variability islacking.) None
of these findings are surprising, but their quantification
is instructive and may be a precursor to interactive ob-
servation-model analyses.
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